ABSTRACT In this work, a bimetallic zeolitic imidazolate framework (ZIF) CoZn-ZIF was synthesized via a facile solvothermal approach and applied in lithium-ion batteries. The as-prepared CoZn-ZIF shows a high reversible capacity of 605.8 mA h g −1 at a current density of 100 mA g −1 , far beyond the performance of the corresponding monometallic Co-ZIF-67 and Zn-ZIF-8. Ex-situ synchrotron soft X-ray absorption spectroscopy, X-ray diffraction, and electron paramagnetic resonance techniques were employed to explore the Li-storage mechanism. The superior performance of CoZn-ZIF over Co-ZIF-67 and Zn-ZIF-8 could be mainly attributed to lithiation and delithiation of nitrogen atoms, accompanied by the breakage and recoordination of metal nitrogen bond. Morever, a few metal nitrogen bonds without recoordination will lead to the amorphization of CoZn-ZIF and the formation of few nitrogen radicals.
INTRODUCTION
With high energy density, shape versatility and light weight, rechargeable lithium-ion batteries (LIBs) are now becoming the most widely used energy storage and conversion devices for electric vehicles (EVs) and portable electronics [1] . Because the commercial anode graphite could only deliver a relatively low theoretical capacity of 372 mA h g −1 , the development of new type anode materials with high capacity is one of the most important tasks in improving the performance of future LIBs [2] . Metal-organic frameworks (MOFs) including zeolitic imidazolate frameworks (ZIFs) with tunable metal centers and organic linkers are designed to meet various demands, including gas storage and separation, sensing, catalysis and drug delivery [3] [4] [5] [6] . Recently, conjugated carboxylates based MOFs, such as Co-BDC [7, 8] , Mn-BDC [9] , Fe-BDC [10, 11] , Mn-BTC [12] , CoBTC [13] , Cu-BTC [14] and Fe-BTC [15] , are being employed in LIBs and have attracted tremendous attention for their high performances. Further researches indicate that lithium is inserted into organic moiety in these MOFs and it is deduced that the electron withdrawing effect of the conjugated carboxylates should be the main impetus in storing lithium-ions [12] [13] [14] [15] [16] [17] [18] [19] . However, MOFs-based electrodes with other kinds of organic linkers are seldom employed in LIBs for the lack of highly-active lithiation sites. Regarding to ZIFs, although they have been intensively used as sacrificial templates or cladding materials to develop carbon [20, 21] , ZnO [22] , Sn/C [23] or thin film [24] for LIBs, their direct application as highperformance lithium storage electrode materials is still challenging. Tang et al. [25] recently reported the use of thin-film ZIF-8 and ZIF-67 electrodes as anodes for LIBs. With Li-ions insertion into the MOFs pores, reversible capacities of 335.3 and 311.6 mA h g −1 were maintained at a current density of 0.2 C, respectively. Another meaningful attempt was given by Chen et al [26] . Bifunctionalized MOFs (BMOFs) Zn(IM) 1.5 (abIM) 0.5 (IM = imidazole, abIM = 2-aminobenzimidazole) with both hydrophobic and polar functionalities were constructed by the reaction of IM, abIM, and zinc nitrate hexahydrate in N,N-dimethylformamide (DMF) solution. When tested as anode in the potential window of 0.01-3.0 V vs. Li/Li + , the as-prepared BMOFs showed a stable reversible capacity of approximate 190 mA h g −1 at a current density of 100 mA g −1 via the adsorption of Li-ions into IM group. Unfortunately, such capacities are still lower than the theoretical capacity of graphite.
To improve the performance of ZIFs as anode materials for LIBs, we focus our attention on bimetallic ZIF to utilize the synergistic effect of two metal centers inspired by our previous work [16, [27] [28] [29] . To demonstrate the effectiveness of our bimetallic ZIF, we also synthesize the isostructural Zn-ZIF-8 and Co-ZIF-67 under a similar solvothermal approach by using 2-methylimidazole as the linker. The electrochemical performances of Zn-ZIF-8, Co-ZIF-67, and CoZn-ZIF were investigated and compared. CoZn-ZIF shows a reversible capacity of 605.8 mA h g −1 , which is more than 6 times that of Zn-ZIF-8 (94.8 mA h g −1 ), and about 5 times that of Co-ZIF-67 (122.0 mA h g −1 ). To the best of our knowledge, the performance of our CoZn-ZIF is the best one in ever reported ZIFs. Furthermore, a series of ex-situ tests were also performed to explore the lithiation/delithiation mechanism. For the synergistic effect of the two metals, the nitrogen atoms are all involved in the Li-storage processes, leading to high reversible capacity accompanying with the collapse of long range order.
EXPERIMENTAL SECTION

Synthetic methods of CoZn-ZIF, Zn-ZIF-8 and Co-ZIF-67
All chemicals and solvents were of analytical grade and were used without any further purification. The synthesis of the sample was performed following a convenient hydrothermal method. Typically, Co(NO 3 ) 2 ·6H 2 O (1.4512 g), Zn(NO 3 ) 2 ·6H 2 O (0.7493 g) and 2-methylimidazole (2-Im)(0.6148 g) were respectively dissolved in 60 mL DMF and absolute methanol solvent (5:1, v/v) to form a clear solution under magnetic stirring. Subsequently, the solution was poured into a 100 mL Teflon-lined stainless steel autoclave after completely mixing. After heated at 150°C in an oven for 24 h, the autoclave was spontaneously cooled down to room temperature in the fume hood. The resultant purple production was collected by pumping filtration. Eventually, the final powder designated as CoZn-ZIF was obtained after being dried under vacuum at 110°C for 12 h. Similarly, for the synthesis of Zn-ZIF-8 and Co-ZIF-67, the procedures were carried out in the absence of Co(NO 3 ) 2 ·6H 2 O or Zn(NO 3 ) 2 ·6H 2 O, respectively.
Materials characterization
A Nexus670 infrared spectrometer (Nicolet) was used to perform Fourier transform infrared spectroscopy (FTIR) analysis in the wavenumber range of 4,000-400 cm −1 in transmission mode. A Rigaku Ultima IV X-ray diffractometer (XRD) with Cu-K α radiation (V=35 kV, I= 25 mA, λ=1.5418 Å) was used to analyze the crystal phase of the as-prepared materials in the 2θ range of 5°-50°at a scanning rate of 20°min −1 . TG curves that range from room temperature to 800°C was recorded on a STA 449 F3 Jupiter® simultaneous thermo-analyzer (NETZSCH Gerätebau GmbH) at a heating rate of 10°C min −1 under air atmosphere. Scanning electron microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDX) analyses were taken by a Hitachi S-2400 scanning electron microscope (Japan). For an inductively coupled plasma (ICP) test, the sample was dissolved in 50 mL aqua-regia solution and then diluted to the proper concentration (100 times or more) with water to measure the amount of Co and Zn using a Varian 720-ES ICP/OES. X-ray photoelectron spectroscopy (XPS) tests were recorded on a ThermoFisher Scientific ESCALAB 250Xi spectrometer operating at 250W (Al−K α radiation = 1,486.6 eV, pass energy = 93.9 eV). Synchrotron-based soft X-ray absorption spectroscopy (sXAS) analyses were performed at the National Synchrotron Radiation Laboratory in Hefei, China. The N K-edge (395-410 eV) and Co L-edge (765-810 eV) were selected in measuring the total electron yield from the ZIFs with a resolution of 0.2 eV. Zn L-edge could not be measured due to the higher requirement for energy (>1,000 eV). A Bruker Elexsys 580 spectrometer equipped with HS cavity was used to collect the electron paramagnetic resonance (EPR) spectra. Microwave power (4.743 mW), modulation amplitude (1 G), modulation frequency (40 kHz), sweep time (50 s), conversion time (12.21 ms) and time constant (40.96 ms) were all reasonably set.
Electrochemical testing
All the electrochemical measurements were carried out at room temperature. The active material (weight ratio: 70%), conducting additive (Super-P carbon black, weight ratio: 20%) and the binder (polyacrylic acid (PAA), weight ratio: 10%) were homogenously mixed in N-methyl-2-pyrrolidone (NMP, solvent) and stirred for at least 3 h to produce a slurry. Then, the obtained slurry was coated onto Cu foil and dried at 110°C in vacuum oven for 12 h. The electrodes were punched into round plates (diameter of 14.0 mm). The loading of the as-prepared electrodes is about~1.2 mg cm : the resonance between the out of plane γ N-H···N and the v N-H proton stretching vibrations; 2,300-3,300 cm −1 : the presence of a N-H···N hydrogen bond established between two 2-methylimidazole) of 2-methylimidazole disappear in the FTIR spectrum of the three ZIFs, indicating the deprotonation of 2-methylimidazole upon coordination with metals [30] .
RESULTS AND DISCUSSION
Materials characterization
Powder XRD patterns of the three ZIFs are displayed in Fig. 1b Table S1 ). The difference of the Co/Zn ratio between reactants (2:1) and products (64:36) could be due to the different coordination ability of Co and Zn.
The thermal gravimetric analysis (TGA) curves of these ZIFs are shown in Fig. 1c . The TGA curves show a plateau followed by significant weight loss due to thermal decomposition of ZIF structures. However, CoZn-ZIF (decomposed at about 250°C) presented a lower stability than Zn-ZIF-8 and Co-ZIF-67, probably for its higher chemical activity inspired by the synergistic effect of the two metals. Fig. 2 presents the SEM images of the three ZIFs. Large crystals (~1 μm) are formed under the hydrothermal process, which is similar to the previously reported samples [31, 32] . The coexistence and homogeneous distribution of different elements in three ZIFs are proved in Fig. S1 and S2.
Electrochemical performances
The cycling behaviours of the ZIFs were firstly evaluated at 100 mA g −1 in the voltage range from 0.01 to 3.0 V versus Li/Li + . As shown in Fig. 3a , CoZn-ZIF showed a high discharge capacity of 1,336.0 mA h g −1 and a charge capacity of 697.8 mA h g −1 at the first cycle with an initial coulombic efficiency (CE) of 52.23%. A relatively low CE of CoZn-ZIF should be ascribed to the formation of solid electrolyte interface (SEI) film and other irreversible reactions [33] . A charge capacity of 636.3 mA h g −1 was obtained at the second cycle, which is stabilized at 605.8 mA h g −1 after 100 cycles with CE approaching 100%. To our knowledge, this is the highest reversible Li + storage capacity reported for ZIFs-based anodes (Table  S2 ). In comparison, Zn-ZIF-8 and Co-ZIF-67 only deliver a discharge capacity of 206.2 and 268.8 mA h g spectively at the first cycle. After 100 cycles, only 94.8 mA h g −1 and 122 mA h g −1 can be maintained for Zn-ZIF-8 and Co-ZIF-67, which is nearly 1/6 and 1/5 of CoZn-ZIF's capacity, respectively. The rate performance of CoZn-ZIF was also tested, as illustrated in Fig. 3b , indicating the excellent rate capability and electrochemical stability.
Other electrochemical characterizations are shown in ESI (Fig. S3−5) . The CV curves of Zn-ZIF-8 show a weak cathodic peak at 0.75 V at the initial cycle for the formation of SEI films (Fig. S3a) . Besides, no obvious peaks could be found and identical CV curves are observed after the initial cycle indicating an adsorption-lithiation behavior of Zn-ZIF-8. For Co-ZIF-67, after the initial cycle, there still exist several weak peaks (Fig. S4a) demonstrating the existence of side reactions in Co-ZIF-67 which may degrade the crystallinity of MOF and weaken the XRD peaks. As for CoZn-ZIF, two pairs of peaks can be observed (Fig. S5a) which can be attributed to the reduction/oxidation of Co 2+ and lithiation/delithiation of nitrogen atoms during the discharge/charge. The CV curves are not coincident in the several initial cycles indicating the activation of electrode.
Mechanism study
On the basis of ZIF (C 8 H 10 N 4 M, M: Co or Zn) units, one mole Li insertion into per formula unit corresponds to a capacity of~120 mA h g −1 [25] . So the electrochemical process of Zn-ZIF-8, Co-ZIF-67 and CoZn-ZIF may be described as follows:
Zn(2-Im) + Li + e Zn(2-Im) Li, Co(2-Im) + Li + e Co(2-Im) Li, Co Zn (2-Im) + 5Li + 5e
Co Zn (2-Im) Li . It should be mentioned that the previous reported ZIF Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . material is only able to react with one Li ion per formula, through the adsorption of one Li ion into the imidazole rings [25, 26] . However, the CoZn-ZIF could absorb more than 4 Li + . Considering that there are four N atoms in one unit, we propose that the N atoms might involve in the Li storage of CoZn-ZIF while they might not involve for Zn-ZIF-8 and Co-ZIF-67.
To prove the hypothesis, the cells were firstly discharged (0.01 V) or charged (3.0 V) to the desired statesof-charge (SOCs) at 100 mA g −1
. Then the cells were disassembled and the electrodes were washed with dimethyl carbonate (DMC) for several times in an argon filled glove box with oxygen and water less than 0.1 ppm before ex-situ tests.
Nitrogen K-edge sXAS spectra of the three ZIFs electrodes at fresh, discharged (0.01 V) and charged (3.0 V) states can be found in Fig. 4a . As there are no other N atoms in electrolyte or SEI, the ex-situ study on N atoms can fully reflect the evolution of ZIFs. In the case of fresh ZIFs electrodes, the peaks observed at A 1 (398.6 eV) can be attributed to the transition of nitrogen (N) 1s electrons to antibonding nitrogen 2p orbitals hybridized with M (M: Co or Zn) 3d orbitals. In contrast, the peak at A 2 reveals a transition from N 1s to a π * type orbital from the mixture of N 2p with C 2p orbital, both bonding and antibonding. A broad feature observed at A 3 (403.4 eV) is associated with the transitions from N 1s to a π * type orbital mixing N 2p with C 2p orbital in antibonding fashion, together with some N 2p-M 4sp contributions [34] . After discharged to 0.01 V, the A 1 peak disappeared in CoZn-ZIF, indicating the weakening or breaking of M-N (M: Co or Zn; N is nitrogen) coordination bond after the Li-ion insertion in the imidazole ring. After such process, the excited electrons from N 1s can only transit to π * orbit of C−N−Li in imidazole rings, resulting in the slight enhancement of A 2 peak intensity. Moreover, after charging back to 3.0 V, the N K-edge sXAS features of CoZn-ZIF recovered to nearly same to that of fresh state, indicating the re-hybridization of N 2p with M 3d orbitals upon delithiation. Based on the above observations, it is reasonable to believe that Li-ions are inserted into the coordinative N atoms, which would induce the dissociation of Co-N or Zn-N coordination bond. The dissociation of Co-N or Zn-N bond would lead to the collapse of the crystalline structure, which is confirmed by the powder XRD patterns of the CoZn-ZIF sample at fully-discharged state (Fig. 5c) .
For comparison, the N K-edge sXAS features of Zn-ZIF-8 and Co-ZIF-67 are also plotted. It can be observed that the A 1 peak remained unchanged while A 2 peak was attenuated for both samples. Furthermore, the PXRD spectra of Zn-ZIF-8 at fully-discharged state is almost the same to that of pristine Zn-ZIF-8 (Fig. 5a ), which suggests that the Li + insertion in the imidazole group of Zn-ZIF-8 only leads to the weakening of C−N bond while Zn−N bonds remained unchanged. Similarly, the PXRD spectrum of Co-ZIF-67 at fully-discharged state shows the same peaks with fresh state (Fig. 5b) , only with the slight attenuation of the peaks at 7.4°(110) and 10.4°(200), which suggests that the Co-N bond in Co-ZIF-67 is also retained and weakened.
It is interesting to point out that these results can also be confirmed by Co L-edge sXAS and XPS spectra of CoZn-ZIF and Co-ZIF-67 (Fig. 4b and Fig. S6) . Arising from the transitions of core electrons to outer empty orbitals, sXAS can offer the information about electronic states of transition-metals. Two regions can be observed around 779 eV (L 3 edge) and 794 eV (L 2 edge) and a double-peak feature can be distinguished in the L 3 -edge region. In the case of Co-ZIF-67, no discernible changes can be observed at the three desired states-of-charges, demonstrating the invariability of Co 2+ and chemical environment. For Co L-edge sXAS features of CoZn-ZIF, significantly changes can be observed at B 1 (778.8 eV) and B 2 (780.1 eV), denoting the variation of local ligand environment. For XPS spectra, an obvious shift has been detected after discharge, demonstrating the reduction of Co 2+ . Moreover, the Co sXAS and XPS features of charged state are quite similar to that of pristine CoZn-ZIF, indicating the reversibility of the local ligand environment and valence of Co element upon cycling.
To further ascertain the Zn-metal valence during cycles, ex-situ XPS spectra were plotted in Fig. 4c , which show that the Zn-metal valence remains unchanged for both Zn-ZIF-8 and CoZn-ZIF. These results suggest that in the case of CoZn-ZIF, the Co-N bond is broken while Zn-N bond is kept during the discharging process, which leads to the amorphization of the CoZn-ZIF.
Ex-situ TEM (Fig. 6 ) was also employed for CoZn-ZIF to make it clear what happened to the ZIF structures. Large bulk crystal with well-defined lattice fringes could be clearly observed at the fresh CoZn-ZIF electrode. At the discharged state, only few vague lattice fringes could be distinguished indicating the destruction of large lattices accompanied by the disappearance of powder XRD patterns. After one cycle, with the re-coordination of Co-N bonds, small lattices or nano-domains with a diameter of about 3 nm (Fig. 6c) are formed. But the diffraction peaks could not recover, for most of the nano-domains are smaller than the resolution limit of the XRD approximate (3 nm).
Ex-situ sXAS analyses disclose that the Co-N bonds will reversibly break and regenerate for CoZn-ZIF. However, the ZIF structure would not automatically recrystallize in a higher scale proved by irreversible XRD and TEM at the charged states. We supposed that there might exist few coordination bonds which will not reversibly form upon charging. In such hypothesis, the delithiation of N-Li without the formation of Co-N ligand may give rise to nitrogen radicals in the uncoordinated N, which has been proved by ex-situ EPR in Fig. 7 . No signals can be detected in pristine ZIFs, but free electrons from Super-P conductive additives can generate an intense signal at 3510 G (g = 2.0013, linewidth = . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2 G). Thus, this signal of Super-P can be observed for all electrodes. The most spectacular result is that a sharp signal with g-factor value of 2.0008 is observed only in the charged CoZn-ZIF electrodes, indicating the formation of radicals in such state. In a high-resolution EPR spectrum, triple splitting (g = 2.0008, A = 1.6 G) is observed for charged CoZn-ZIF at 3,512 G, revealing the existence of nitrogen (S = 1) radicals.
To further explore the Li-storage behaviors, we measure the EIS (Fig. 8 ) of the three fresh ZIFs and the cycled CoZn-ZIF has AC amplitude of 5 mV in the frequency of 0.01-10 6 Hz. For the fresh electrodes, the solution resistances (R s ) and the charge transfer resistances (R ct ) are moderate demonstrating well assembling of cells and excellent contact between electrolyte and active materials. Considering the larger R ct of fresh CoZn-ZIF, we could conclude that the high capacity of CoZn-ZIF does not rely on better connectivity of electrodes, but relies on the high-activity species of CoZn-ZIF. After cycles, the R s and R ct of CoZn-ZIF decrease significantly which could be attributed to better wetting of the electrode and improved connectivity boosted by the destruction of large lattices and formation of ultrasmall nano-domains.
Based on the above ex-situ tests, it is reasonable to draw the following conclusion: (1) more Li-ions can be inserted in the CoZn-ZIF structures when compared with Co-ZIF-67 and Zn-ZIF-8, which leads to a high reversible capacity of 605.8 mA h g −1 at a current density of 100 mA g −1 for CoZn-ZIF; (2) accompanying with Li insertion/extraction, most Co-N bonds would gradually break/regenerate upon the formation/dissociation process of Li-N bonds; (3) the incomplete recoordination of Co-N during delithiation would lead to the formation of nitrogen radicals and the collapse of long range order for CoZn-ZIF. It also should be mentioned that a high N content in ZIF-8 derived porous carbon contributes to a high specific capacity for the adsorbtion of Li by the N atoms [20] . In this article, to activate the N atoms for Li storage, bimetallic ZIF was reasonablely designed and the synergistic effect finally makes N atom to be a reversible lithiation sites.
CONCLUSIONS
In this work, we synthesized a bimetallic CoZn-ZIF by a simple hydrothermal method. For the synergistic effect of the Co 2+ and Zn
2+
, the CoZn-ZIF displayed a high reversible capacity of 605.8 mA h g −1 after 100 cycles, which Figure 7 Ex situ EPR spectra of CoZn-ZIF electrodes at different statesof-charge. Pure Super-P and pristine CoZn-ZIFs are also plotted for comparison. Insert: high-resolution EPR spectrum from selected region and schematic illustration of nitrogen radicals. Other EPR spectra are displayed in Fig. S6 . Here, CoZn-ZIF-fresh is the sample with Super-P while CoZn-ZIF is not. is several times higher than that of monometallic Co-ZIF-67 and Zn-ZIF-8, being the best one among ZIFs. Ex-situ studies suggest that the redox participation of nitrogen atoms can involve four more Li into the CoZn-ZIF unit. During the process, Co-N bond could break and recoordinate while Zn-N remained unchanged, accompanied by collapse of long range order. This bond breakage/recoordination mechanism may bring about more opportunities for energy-storage application of MOFs.
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